Aims: Evidence continues to accrue implicating mitochondrial fission in the aetiology of cerebral ischaemia reperfusion (IR) injury. Dual-specificity phosphatase-1 (DUSP1) has been found to be associated with mitochondrial protection in several diseases. We aimed to explore the functional role of DUSP1 in cerebral IR injury, focusing on its influence on mitochondrial fission. Main methods: WT mice and DUSP1 transgenic mice were subjected to cerebral IR in vivo. In vitro, the hypoxiareoxygenation model was used with N2a cells to mimic cerebral IR injury. Mitochondrial function was monitored via western blotting and immunofluorescence. Pathway blocker was used to establish the role of the JNK-Mff signaling pathway in mitochondrial fission. Key findings: DUSP1 expression is downregulated after cerebral IR injury, and overexpression of DUSP1 could significantly reduce the infarction area and attenuate neuronal death exerted by cerebral IR injury. In vitro, we found that HR injury induced neuronal mitochondrial damage via augmenting mitochondrial fission. DUSP1 overexpression inhibited mitochondrial fission, thereby preserving mitochondrial homeostasis against HR injury. Furthermore, our data illustrated that DUSP1 regulated mitochondrial fission via JNK-Mff pathways. Increased DUSP1 prevented JNK activation, upregulated Yap expression, and suppressed Mff phosphorylation, reducing the formation of mitochondrial fragmentation. However, re-activation of JNK-Mff pathways abrogated the inhibitory effect of DUSP1 overexpression on mitochondrial fission. Significance: This finding first uncovers that DUSP1 downregulation could be considered the primary reason for cerebral IR injury via evoking deleterious mitochondrial fission and activating harmful JNK-Mff pathways.
Introduction
Stroke is a leading cause of death in elderly patients. Timely revascularization therapy is the standard modality for patients with stroke. Prompt reperfusion of the ischaemia zone is vital to alleviate ischaemia injury and restore brain function. Paradoxically, reperfusion treatment also induces additional damage to ischaemic tissue, defined as ischaemia-reperfusion (IR) injury in the clinic. From a pathogenetic perspective, the occurrence of IR injury triggers multiple cell apoptotic pathways, leading to an excessive inflammation response, uncontrolled oxidative stress, protein degradation, DNA breakage, and cerebral dysfunction [1, 2] . Hence, understanding the molecular feature of brain IR injury and alleviating IR-mediated neuronal damage could increase the therapeutic efficiency of reperfusion treatment.
The mitogen-activated protein kinase (MAPK) pathway plays a decisive role in modulating cell fate, ranging from death to survival in the process of cerebral IR injury. Activation of the MAPK-ERK pathway is beneficial for the reperfused brain [3] . By contrast, stimulation of the MAPK-JNK pathway or MAPK-p38 axis amplifies the damage signal in response to brain IR injury [4, 5] . Furthermore, three MAPK families are negatively regulated by dual-specificity phosphatase-1 (DUSP1), which dephosphorylates both the threonine/serine and tyrosine residues of MAPK families, thus functioning as an inhibitor of the MAPK pathway [6] . Notably, the role of DUSP1 in brain homeostasis has been extensively reported. The antipsychotic action of clozapine is dependent on DUSP1 activity [7] . Overexpression of DUSP1 could inhibit the LPSinduced synthesis of ROS and NO in the nervous system [8] . In neurodegenerative disease, DUSP1 activation plays an inhibitory role in endoplasmic reticulum-mediated cell apoptosis via repressing the JNKBad cascade [9] . Additionally, ethanol-caused neurotoxicity has been found to be derived from DUSP1 downregulation, which contributes to p38 activation [10] . Collectively, these findings confirmed the protective effects of DUSP1 on acute and chronic stress in the nervous system. Unfortunately, no study has been conducted to explore the influence exerted by DUSP1 on cerebral IR injury. Mitochondrial fission, an early event of cell damage, has been found to be related to several cerebral disorders [11] . For example, mitochondrial fission accelerates Alzheimer's disease pathology via increasing Aβ oligomer/pTau accumulation [12] . Additionally, Parkinson's disease is characterized by mitochondrial dysfunction and cell oxidative stress due to excessive mitochondrial fission [13] . More importantly, inhibition of mitochondrial fission enhances brain ischaemic tolerance [14] . Moreover, in-depth studies have identified mitochondrial fission as a primary risk factor for the development of cerebral IR injury via multiple effects, including mitochondrial apoptosis, oxidative stress, energy depletion, calcium imbalance, and cell necrosis [15, 16] . At the molecular levels, mitochondrial fission is executed by Drp1 translocation from the cytoplasm to the surface of mitochondria. Upon binding to mitochondria, Drp1 would form a "ring" structure around the mitochondria and force the mitochondria to divide into several daughter mitochondria with the help of GTP [17] . Notably, Drp1 interaction with mitochondria is fine-tuned by mitochondrial fission factor (Mff), a mitochondrial outer-membrane receptor of Drp1. Previous studies in a model of cardiac IR injury have demonstrated that reperfusion activates Mff via JNK-dependent phosphorylation, which improves the affinity of Drp1 for Mff [18] . Similarly, phosphorylated Mff is also required for the iron overload-activated mitochondrial fission in mesenchymal stromal cells [19] . Additionally, in mitochondrial energy stress, phosphorylated Mff is the critical determinant in capturing cytoplasmic Drp1 and consequently launching mitochondrial fission [20] . However, the functional significance of Mff in brain IR injury is poorly understood.
Finally, recent studies have suggested that Mff could be phosphorylated by JNK and AMPK pathways. In cardiac IR injury, activated JNK pathways promote Mff phosphorylation, and the latter causes cardiomyocyte death in a caspase-9-dependent manner [21] . Similarly, in energy stress, AMPK signaling is activated and contributes to Mff phosphorylation, which augments mitochondrial division to increase ATP production [20] . Considering the causal relationship between the DUSP1 and JNK pathways, we question whether DUSP1 could handle Mff-mediated mitochondrial fission via the JNK pathway in the setting of cerebral IR injury. Thus, we explored the detailed action of DUSP1 in brain IR injury focusing on mitochondrial fission, Mff phosphorylation and the JNK pathway.
Materials and methods

Animal treatment and cerebral IR injury
Focal cerebral ischaemia-reperfusion injury was induced by transiently occluding the right middle cerebral artery according to a previous study [22] . Wild-type and DUSP1 transgenic (DUSP1-TG) mice, purchased from Jackson Laboratory (Bar Harbor, ME, USA), were anaesthetized with a ketamine/xylazine mixture (87.5 mg/kg/12.5 mg/ kg i.p.). Subsequently, a 5-0 surgical nylon filament (0.23 mm in diameter) was inserted around the middle cerebral artery, and a knot was made to occlude the middle cerebral artery for approximately 45 min. Then, the filament was removed in order to restore the blood flow, and reperfusion was performed for 2 h. The mice in the sham group received the same surgical procedure without the filament insertion. After IR injury, the brains were isolated, and TTC staining was conducted to visualize the brain infarction area according to a previous study [23] .
Cell culture and hypoxia-reoxygenation (HR) injury
Mouse N2a neuroblastoma cells (ATCC® CCL-131™) and a hypoxiareoxygenation (HR) model were used in the present study to mimic the cerebral IR injury in vitro. First, N2a cells were grown to 70% confluence in DMEM (Gibco, USA) supplemented with 10% FBS (Gibco, USA) under 37°C/5% CO 2 . To induce the HR injury, the N2a cells were exposed to DMEM in the hypoxic conditions (5% CO 2, 95% N 2 ) for 45 min [24] . Then, the medium was replaced with fresh DMEM containing 10% FBS under a normoxic condition (5% CO 2, 95% O 2 ) for 2 h. In the present study, to reverse DUSP1 overexpression, adenovirusloaded DUSP1 was transfected into N2a cells to promote DUSP1 expression. Additionally, to inhibit mitochondrial fission, mitochondrial division inhibitor 1 (Mdivi1; 10 mM; Sigma-Aldrich; Merck KGaA) was used for 2 h at 37°C [25] . To activate mitochondrial fission, FCCP (5 μm; Selleck Chemicals, Houston, TX, USA) was added to the medium of N2a cells for approximately 40 min at 37°C in a 5% CO 2 atmosphere. To inhibit and re-activate the JNK pathway, SP600125 (25 μM; Selleck Chemicals, Houston, TX, USA) and anisomycin (Ani, 10 μM; Selleck Chemicals, Houston, TX, USA) were pretreated for 2 h [26] .
Adenoviruses-mediated DUSP1 overexpression assay
The overexpression of DUSP1 was performed via transfecting DUSP1 adenoviruses as described previously. Briefly, the pCDH-mCMV-DUSP1 plasmid was obtained from Vigene Bioscience. Next, the plasmid was transfected into 293 T cells using Lipofectamine 2000 to collect the DUSP1 adenoviruses (Ad-DUSP1). Next, N2a cells were grown to 80% to 90% confluency and were infected with Ad-DUSP1 in serum-free medium at an MOI = 500 [27] . After 6 h of transfection at 37°C in CO 2 conditions, the Ad-DUSP1 was removed and replaced with fresh medium supplemented with 10% FBS. Western blotting was used to analyse the overexpression efficiency. The null vector transfection was set as the control group (Ad-ctrl) [28] .
Immunofluorescence
Cells were fixed in 3.7% paraformaldehyde for 10 min at room temperature and permeabilized in 100% pre-chilled acetone (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China). Following blocking with 5% bovine serum albumin (Sigma-Aldrich; Merck KGaA) in PBS for 1 h at room temperature, the cells were incubated with primary antibodies for 4 h at room temperature [29] . The primary antibodies used in the present study were as follows: cyt-c (1:1000; Abcam; #ab90529), p-Mff (1:1000, Cell Signaling Technology, #49281), p-JNK (1:1000; Cell Signaling Technology, #9251), and Tom20 (mitochondrial marker, 1:1000, Abcam, #ab186735). Images were observed with a laser confocal microscope (TcS SP5; Leica Microsystems, Inc., Buffalo Grove, IL, USA). To quantify mitochondrial fission, mitochondria in at least 10 cells were observed. The average length of mitochondria was measured to quantify mitochondrial fission based on a previous report [30] .
Western blot analysis
After treatments, cells were collected and lysed with RIPA lysis buffer (Beyotime, China) for 30 min. Equal amounts of protein were separated and transferred to a PVDF membrane (Millipore) [28] . After being blocked with 5% milk in Tris-buffered saline containing 0.05% Tween20 (TBST) at room temperature for 1 h, the membrane was incubated at 4°C overnight with the following primary antibodies: caspase-9 (1:1000, Cell Signaling Technology, #9504), pro-caspase-3 Wild-type (WT) mice and DUSP1 transgenic (DUSP1-TG) mice were subjected to cerebral IR injury. Next, the brain tissues were isolated, and qPCR was performed to analyse the alteration of DUSP1 expression. B-C. Proteins were isolated in reperfused brains, and the expression of DUSP1 was monitored. D-E. The infarction area in the brain was observed via TTC staining in WT mice and DUSP1-TG mice. F. The tissues in reperfused brains were collected, and caspase-3 activity was evaluated to reflect the cell death. G-M. After cerebral IR injury, the brain tissues were collected, and western blotting analysis was conducted to estimate the alterations in apoptosis-related factors. N. In vitro, N2a cells were used with a hypoxia-reoxygenation (HR) model to mimic animal cerebral IR injury. DUSP1 adenovirus was transfected into N2a cells to overexpress DUSP1 in response to HR injury. The null adenovirus was used as the control group. Next, the cellular viability was determined via the MTT assay. O-P. Cell death was observed via the TUNEL assay, and the number of TUNEL-positive cells was recorded. N = 6/group. *P < 0.05.
(1:1000, Cell Signaling Technology, #86668), p-Mff (1:1000, Cell Signaling Technology, #49281), survivin (1:1000, Cell Signaling Technology, #2808), DUSP1 (1:1000, Abcam, #ab195261), complex III subunit core (CIII-core2, 1:1000, Invitrogen, #459220), complex II (CII-30, 1:1000, Abcam, #ab110410), complex IV subunit II (CIV-II, 1:1000, Abcam, #ab110268), complex I subunit NDUFB8 (CI-20, 1:1000, Abcam, #ab110242). After being washed with TBST and further incubated with horseradish peroxidase (HRP)-coupled secondary antibodies (1:2000, Cell Signaling Technology, #7074 and #7076) at 37°C for 60 min, the blots were developed with an enhanced chemiluminescence (ECL) reagent [31] . The intensity of immunoblot bands was normalized to that of GAPDH (1:1000, Cell Signaling Technology, #5174) and/or β-actin (1:1000, Cell Signaling Technology, #4970).
ELISA
The concentration of cellular antioxidant factors was analysed using ELISA. After treatment, the cells were collected and lysed using lysis buffer (Beyotime Institute of Biotechnology, China). The levels of cellular GSH, SOD and GPx were measured using commercial ELISA kits (Beyotime Institute of Biotechnology, China) according to the manufacturer's guidelines. Additionally, caspase-3 activity and caspase-9 activity were measured using ELISA kits (Beyotime Institute of Biotechnology, China) based on a previous study [32] . The glucose uptake and extracellular lactate levels were measured in the cell culture medium using the commercial kits (cat. no. K606-100 and K607-100; BioVision, Inc., Milpitas, CA, USA) [33] .
TUNEL staining, MTT assay, LDH release assay and PI staining
A TUNEL assay was performed using a one-step TUNEL kit (Beyotime Institute of Biotechnology, Haimen, China) according to the manufacturer's instructions [34] . In addition, an MTT assay was performed to analyse the cell viability according to the previous study [35] . Absorbance at the wavelength of 570 nm was determined. The relative cell viability was recorded as the ratio to the control group. LDH release assay was used to observe cell death according to the manufacture's guidelines [36] . PI staining was performed using PI probe (Beyotime Institute of Biotechnology, China) according to the manufacture's guidelines [37] .
Flow cytometry for mROS
Mitochondrial ROS was measured via flow cytometry. After HR injury, the N2a cells were incubated with the MitoSOX red mitochondrial superoxide indicator (Molecular Probes, USA) for 45 min. Then, 0.25% trypsin was used to collect the cells. After washed with PBS three times, the ROS content was detected via a flow cytometer. Flow cytometric analyses were performed using a BD FACSCalibur™ flow cytometer (BD Biosciences), as previously described [38] .
Mitochondrial potential detection and mPTP opening detection
The mitochondrial transmembrane potential was analysed using a JC-1 Kit (Beyotime, China). Images were captured using a fluorescence microscope (OLYMPUS DX51; Olympus, Tokyo, Japan) and were analysed with Image-Pro Plus 6.0 software (Media Cybernetics, Rockville, MD) to obtain the mean densities of the regions of interest, which were normalized to those of the control group. Red-orange fluorescence was attributable to potential-dependent dye aggregation in the mitochondria. Green fluorescence, reflecting the monomeric form of JC-1, appeared in the cytosol following mitochondrial membrane depolarization [39] . mPTP opening was measured according to a previous study using a tetramethylrhodamine ethyl ester fluorescence probe [40] . N2a cells were washed with PBS and then incubated with fresh medium containing the 5 μM tetramethylrhodamine ethyl ester. After 30 min, PBS was used to wash the samples to remove the free probe, and the baseline fluorescence of the tetramethylrhodamine ethyl ester was recorded. After 30 min, the tetramethylrhodamine ethyl ester fluorescence was recorded again. According to a previous study [41] , the mPTP opening rate was determined when the fluorescence intensity was decreased to half of the baseline fluorescence intensity.
Statistical analysis
Statistical analysis was performed by one-way analysis of variance (ANOVA), followed by all pairwise multiple-comparison procedures using the Bonferroni test. All data are expressed as the mean ± S.E., and P < 0.05 was considered statistically significant.
Results
Overexpression of DUSP1 attenuates cerebral IR injury
First, brain tissue was isolated from mice with cerebral IR injury. Next, qPCR and western blotting were performed to analyse the alteration of DUSP1 in response to cerebral IR injury. As shown in Fig. 1A -C, compared with the sham group, DUSP1 transcription and expression were both downregulated after IR injury. To verify whether DUSP1 downregulation was implicated in IR-mediated brain damage, DUSP1 transgenic (DUSP1-TG) mice were used to measure the infarction area. Compared with the control group, IR injury generated an obvious infarction zone, and this effect was inhibited in DUSP1-TG mice ( Fig. 1D-E ). This information indicated that DUSP1 overexpression may reduce IR-mediated cerebral damage. Subsequently, proteins were isolated from the brain tissues, and the caspase-3 activity was analysed via ELISA. Compared with the sham group, caspase-3 activity was elevated in IR injury and was reduced to near-normal levels with DUSP1 overexpression (Fig. 1F) . These data further confirmed the beneficial effects exerted by DUSP1 on the reperfused brain. In agreement with caspase-3 activation, western blotting analysis also demonstrated that the expression of pro-apoptotic proteins was significantly increased in IRtreated mice and was reduced in response to DUSP1 overexpression ( Fig. 1G-M) . By comparison, the content of anti-apoptotic proteins was unfortunately downregulated after IR injury and was drastically reversed to near-normal levels with DUSP1 overexpression (Fig. 1G-M) . These in vivo results illustrated that DUSP1 was repressed by cerebral IR injury, and re-introduction of DUSP1 could effectively relieve the IRmediated brain damage.
Similarly, N2a cells were used in vitro with the hypoxia-reoxygenation (HR) model to mimic cerebral IR injury. Additionally, adenovirus-DUSP1 was transfected into N2a cells to overexpress DUSP1 in the context of HR injury. Subsequently, cell viability and death were measured via the MTT assay and TUNEL staining. As shown in Fig. 1N , HR injury apparently reduced the cellular viability in N2a cells, and this effect was abrogated by DUSP1 overexpression. Furthermore, the percentage of TUNEL + cells was also increased in HR-treated cells and was reduced with Ad-DUSP1 transfection ( Fig. 1O-P) . These results in vitro further validate the protective role played by DUSP1 in repressing HRmediated neuronal damage.
DUSP1 overexpression reduces mitochondrial apoptosis
Mitochondria are the energy centres and apoptosis source in the context of tissue IR injury [42] . Thus, we evaluated mitochondrial apoptosis with or without DUSP1 overexpression under cerebral IR injury. The early feature of mitochondrial apoptosis is the reduction of the mitochondrial membrane potential. As shown in Fig. 2A-B , HR treatment caused a reduction in the mitochondrial membrane potential as evidenced by decreased red fluorescence intensity and increased green fluorescence. Interestingly, DUSP1 overexpression could stabilize the mitochondrial potential ( Fig. 2A-B) , suggesting the protective Fig. 2 . DUSP1 overexpression reduces mitochondrial apoptosis. A-B. The mitochondrial potential was detected via JC-1 staining. The ratio of red to green fluorescence intensity was used to quantify the mitochondrial potential. C-D. Cellular ROS was evaluated using the DHE probe and was analysed via flow cytometry. E-G. The concentration of cellular antioxidants was measured via ELISA. H. The mPTP opening rate was measured using tetramethylrhodamine ethyl ester. I-J. Immunofluorescence assay for cyt-c. DAPI was used to stain the nucleus. The relative expression of nuclear cyt-c was monitored. K-M. After HR injury in vitro, the protein in N2a cells was isolated, and western blotting was performed to analyse the expression of apoptotic proteins and anti-apoptotic factors. N. Caspase-9 activity was measured via ELISA. N = 6/group. *P < 0.05.
influence of DUSP1 on IR-insulted mitochondria. Due to mitochondrial potential collapse, excessive electrons would be released into the cytoplasm, evoking oxidative stress. The ROS detection assay illuminated that HR treatment elevated the ROS content in N2a cells; this effect was strongly repressed by DUSP1 (Fig. 2C-D) . Moreover, due to ROS eruption, the concentration of cell antioxidants, including SOD, GSH and GPX, was decreased in HR-treated cells and returned to nearnormal levels in DUSP1-transfected cells (Fig. 3E-G) . Altogether, these results indicated that HR injury mediated mitochondrial potential collapse, followed by increased ROS production and a decline in antioxidant factors via repressing DUSP1 expression.
The late event of mitochondrial dysfunction is the opening of mPTP, which facilitates the leakage of mitochondrial pro-apoptotic factor (such as cyt-c) into the cytoplasm where cyt-c interacts with caspase-9 and finally activates caspase-3 [43] . As shown in Fig. 2H , HR treatment promoted the opening of mPTP, and this alteration was mostly abolished by DUSP1 overexpression. Additionally, immunofluorescence assay for cyt-c showed that HR injury induced more cyt-c release into the cytoplasm/nucleus and DUSP1 overexpression interrupted the nuclear translocation of cyt-c (Fig. 2I-J) . This finding was also verified via western blotting. HR-mediated cyt-c leakage from mitochondria into the cytoplasm was strongly inhibited by Ad-DUSP1 transfection (Fig. 2K-M) . In response to cyt-c leakage, we also found that the activity of caspase-9 was activated by HR injury and declined to nearnormal levels with DUSP1 overexpression (Fig. 2N) . Altogether, our data support the functional importance of DUSP1 in suppressing HRmediated neuronal mitochondrial apoptosis.
Overexpression of DUSP1 maintains mitochondrial energy metabolism
Next, we analysed the alterations of mitochondria energy metabolism. First, the total ATP production in N2a cells was reduced in response to HR stress compared with that in the control group (Fig. 3A) . However, Ad-DUSP1 transfection could reverse the ATP production under HR challenge (Fig. 3A) . Notably, cellular ATP was primarily generated via the mitochondrial respiratory complex. Interestingly, the expression of mitochondrial respiratory complex was drastically downregulated in response to HR injury (Fig. 3B-F) . However, DUSP1 overexpression could maintain the content of the mitochondrial respiratory complex (Fig. 3B-F) . This information hinted that mitochondrial energy metabolism was highly dependent on the levels of DUSP1 in the setting of HR injury. Subsequently, glucose uptake was measured via ELISA in the medium of N2a cells with or without HR treatment. As shown in Fig. 3G , HR injury significantly interrupted glucose uptake in N2a cells, and this effect was reversed by DUSP1 overexpression. Because of glucose uptake disruption, the generation of lactic acid in the medium was also impaired in HR-treated cells (Fig. 3H) . However, DUSP1 overexpression sustained lactic acid production, suggesting that DUSP1 ensured mitochondrial glucose metabolism. In summary, our results highlight that regaining DUSP1 expression preserves the mitochondrial energy metabolism under HR stress.
DUSP1 regulates mitochondrial fission
Previous studies have proposed that mitochondrial fission is the upstream regulator of mitochondrial structure and function. Excessive Fig. 3 . DUSP1 sustains mitochondrial energy metabolism. A. Cellular ATP production was measured using an ATP detection kit. HR injury caused a drop in ATP generation, and this effect was reversed by DUSP1 overexpression. B-F. After HR injury in vitro, the protein in N2a cells was isolated, and western blotting was performed to analyse the alteration of the mitochondrial respiratory complex. G. Glucose uptake was measured in the medium of N2a cells with HR stress. H. Production of lactic acid in the medium of N2a cells was evaluated via ELISA. N = 6/group. *P < 0.05. mitochondrial promotes mitochondrial metabolism disorder and eventually activates the casapse-9-dependent apoptosis pathway. Based on this, we asked whether mitochondrial fission was also modulated by DUSP1. First, immunofluorescence assay for mitochondria was performed using the Tom-20 antibody, and then the mitochondrial structure in N2a cells were observed. As shown in Fig. 4A , the mitochondrial network in the control group was transformed into several dots after HR injury. Interestingly, DUSP1 overexpression could reverse the mitochondrial network (Fig. 4A) . Subsequently, the average length of mitochondria was measured to quantify the mitochondrial fission. Notably, the average length of mitochondria was~8.5 μm in the control group and decreased to~2.3 μm in HR-treated cells (Fig. 4B) . However, in DUSP1-overexpressed cells, the average length of mitochondria was reversed to~7.9 μm (Fig. 4B) . These results further confirmed that mitochondrial fission was unfortunately activated by HR injury and was largely inhibited by DUSP1 overexpression.
At the molecular levels, mitochondrial fission was regulated by Drp1 translocation from the cytoplasm onto the surface of mitochondria [18, 21] . Interestingly, cytoplasmic Drp1 expression was decreased in response to HR injury accompanied by an increase in mitochondrial Drp1 expression (Fig. 4C-E) ; this effect was mostly abolished by DUSP1 overexpression (Fig. 4C-E) . The above data hinted that DUSP1 directly regulates HR-mediated mitochondrial fission possibly via handling Drp1 sub-cellular location. In contrast to mitochondrial fission, mitochondrial fusion is a complementary system to rectify the excessive mitochondrial division. However, the factors related to mitochondrial fusion such as Mfn1 and Opa1 were both downregulated in HR-treated cells and were reversed to near-normal levels in DUSP1-overexpressed cells (Fig. 4C-G) . These findings informed us that DUSP1 may also indirectly correct HR-initiated mitochondrial fission via enhancing mitochondrial fusion.
DUSP1-mediated mitochondrial fission participates in IR-mediated mitochondrial dysfunction
Next, we verified whether mitochondrial fission was required for IRmediated mitochondrial dysfunction in N2a cells in vitro. To address this question, the loss-and gain-of-function assays of mitochondrial fission were achieved via the administration of FCCP and Mdivi-1, the agonist and blocker of mitochondrial fission, respectively. In the HR group, Mdivi-1 was supplemented to repress mitochondrial fission, which was set as the negative control group. In the DUSP1-overexpressed group, FCCP was applied to re-activate mitochondrial fission. Next, mitochondrial function was estimated again. As shown in Fig. 5A , ATP production was reduced in HR-treated cells and was reversed to near-normal levels with Mdivi-1 treatment or DUSP1 overexpression. Interestingly, FCCP supplementation abrogated the contributory effects of DUSP1 on ATP generation. Similarly, the HR-evoked ROS outburst was fully inhibited by DUSP1 overexpression (Fig. 5B) , and this effect was negated by FCCP supplementation. Additionally, HR-mediated cytc leakage was mostly nullified by DUSP1 overexpression or Mdivi-1 treatment (Fig. 5C-D) . However, FCCP administration abolished the inhibitory effects of DUSP1 on cyt-c liberation. To this end, caspase-9 activity was elevated in HR-treated cells and was normalized in DUSP1-overexpressed cells via disrupting mitochondrial fission (Fig. 5E ). In accordance with caspase-9 inactivation, the number of PI-positive cells was also reduced in response to DUSP1 overexpression via modifying mitochondrial fission (Fig. 5F-G) . Collectively, these results suggest that HR-activated mitochondrial fission accounts for mitochondrial dysfunction and neuronal death, which could be considerably repressed by DUSP1. Fig. 4 . HR injury elevates mitochondrial fission via repressing DUSP1. A. Immunofluorescence assay for mitochondria using the Tom-20 antibody. B. The average length of mitochondria was measured to determine the extent of mitochondrial fission. C-G. After HR injury in vitro, the protein in N2a cells was isolated, and western blotting was performed to analyse the alteration in mitochondrial fission-related factors. Additionally, the mitochondrial fusion-related components were monitored via western blotting. N = 6/group. *P < 0.05. Fig. 5 . Mitochondrial fission regulates mitochondrial homeostasis and cell viability in the HR setting. A. ATP production was measured using an ATP detection kit. Mdivi-1, the inhibitor of mitochondrial fission, was added to HR-treated cells, which could be considered as the negative control group. FCCP, an activator of mitochondrial fission, was administered to DUSP1-overexpressed cells to re-activate mitochondrial fission. B. ROS production was detected via the DHE probe and was analysed via flow cytometry. C-D. Cyt-c liberation was confirmed via immunofluorescence. DAPI was used to tag the nucleus, and the relative expression of nuclear cyt-c expression was estimated. E. caspase-9 activity was measured via ELISA. F-G. Cellular death was observed via PI staining, which could be inserted into cells with the broken membrane. The number of PI-positive cells was recorded. N = 6/group. *P < 0.05.
DUSP1 regulates mitochondrial fission via Yap and the JNK-Mff pathways
Previous studies have suggested that Drp1-mediated mitochondrial fission could be handled by Mff phosphorylation, which is modified via the JNK pathways [21] . Considering the link between the DUSP1 and JNK pathways, we questioned whether DUSP1 had the ability to modulate mitochondrial fission via the JNK-Mff pathway. First, western blotting was performed to analyse the alteration of the JNK pathway and Mff phosphorylation. Compared with the control group, HR treatment significantly increased the expression of p-JNK/p-Mff and reduced the level of Yap (Fig. 6A-D) ; this effect was negated by DUSP1 overexpression.
Subsequently, to validate whether JNK-Mff pathways were implicated in HR-mediated mitochondrial fission, the agonist and inhibitor of JNK pathways were used. In HR-treated cells, SP600125 was used to prevent JNK activation. By contrast, in DUSP1-overexpressed cells, Ani was administered to re-activate the JNK pathway.
Interestingly, following blockade of HR-mediated JNK activation, the expression of p-Mff was also reduced (Fig. 6A-C) . Moreover, HR-induced mitochondrial fission was also repressed by the JNK inhibitor (Fig. 6E-F) , similar to the results obtained via DUSP1 overexpression. Notably, JNK activation could re-cause mitochondrial fission in DUSP1-overexpressed cells (Fig. 6E-F) . Altogether, our results indicate that mitochondrial fission is, to some extent, regulated by DUSP1 in a manner dependent on Yap the JNK-Mff pathway in the setting of cerebral reperfusion injury.
JNK-Mff pathways are also involved in IR-mediated neuronal death and mitochondrial apoptosis
Finally, we explored whether JNK-Mff pathways also participated in IR-mediated neuronal death and mitochondrial damage. First, the TUNEL assay was performed to observe cell death with JNK inactivation in the presence of HR treatment. Compared with the control group, HR injury statistically increased the number of TUNEL-positive cells, Fig. 6 . DUSP1 regulates mitochondrial fission via JNK-Mff pathways. A-D. Western blotting was performed to analyse the activation of JNK-Mff pathways using HR treatment and DUSP1 overexpression. To inhibit and re-activate the JNK pathway, SP600125 and anisomycin (Ani) were pretreated for 2 h. E-F. Mitochondrial fission was evaluated via the immunofluorescence assay using a Tom-20 antibody. The average length of mitochondria was estimated. SP600125 and anisomycin (Ani) were used to inhibit and activate JNK-Mff pathways, respectively. N = 6/group. *P < 0.05. and this effect was reversed by DUSP1 overexpression or SP600125 supplementation (Fig. 7A-B) . Notably, DUSP1-mediated neuronal survival was fully abolished by Ani treatment (Fig. 7A-B) , suggesting that DUSP1 sustained neuronal survival under HR stress via inactivating JNK pathways. Similar results were obtained via the LDH release assay (Fig. 7C) . HR-promoted LDH release could be repressed by DUSP1 overexpression via impeding JNK pathways (Fig. 7C) . Altogether, these results indicate that reperfusion-related neuronal death could be abolished by DUSP1 via inactivating JNK-Mff pathways.
Additionally, we found that mitochondrial ATP production was reduced in response to HR treatment and was reversed to near-normal levels with DUSP1 overexpression (Fig. 7D) , and this effect of DUSP1 was dependent on JNK activity. Reactivation of JNK repressed ATP production in DUSP1-overexpressed cells (Fig. 7D) . Moreover, HRmediated caspase-9 activation could be reversed by DUSP1 by preventing JNK activation (Fig. 7E) . These data confirmed that JNK-Mff pathways are necessary for DUSP1-mediated mitochondrial protection in the presence of HR injury.
Discussion
In the present study, we found the following: 1) cerebral IR injury mediated DUSP1 downregulation; 2) lower DUSP1 promoted infarction area formation and neuronal death; 3) overexpression of DUSP1 could protect the brain against IR-mediated injury and sustain neuronal survival; 4) mechanistically, DUSP1 overexpression inactivated the JNK pathway, repressing Mff phosphorylation; 5) inactive Mff failed to recruit cytoplasmic Drp1 translocation onto the surface of mitochondria, blocking mitochondrial fission; 6) decreased mitochondrial fission maintained the mitochondrial membrane potential, repressed ROS production, disrupted cyt-c leakage, sustained mitochondrial energy metabolism, and terminated caspase-9 activation, favouring a pro-survival state for neurons in the setting of reperfusion injury. Altogether, this is the first investigation to explore the detailed role and mechanism of DUSP1 in cerebral IR injury. Our data identify DUSP1 as the endogenous defender against cerebral IR injury via preserving mitochondrial function in a manner dependent on JNK-Mff-mitochondrial Fig. 7 . JNK-Mff pathways also participate in neuronal death and mitochondrial damage in the HR setting. A-B. TUNEL assay was performed to observe cell death, and the number of TUNEL-positive cells was monitored. C. LDH release assay for cell death in response to DUSP1 overexpression and JNK inhibition. D. ATP production was evaluated to reflect mitochondrial function. E. Caspase-9 activity was evaluated via ELISA, and the relative caspase-9 activity was recorded as the ratio to that of the control group. N = 6/group. *P < 0.05. fission pathways. This finding may pave the road to new clinical treatment modalities to reduce cerebral reperfusion.
DUSP1 is an upstream inhibitor of MAPKs, and numerous studies have discovered its various roles in managing mitochondrial function and integrity [21] . DUSP1 has been demonstrated to be an anti-apoptotic mitochondrial phosphatase that is overexpressed in many cancers, including breast cancer [44, 45] and prostate cancer [46] . Mitochondrial ROS production and oxidative stress-mediated cancer stem cell death could be abrogated by DUSP1 overexpression via inactivation of the JNK pathway. Similarly, DUSP1 also plays a critical role in preserving mitochondrial homeostasis via suppressing inflammation injury [47] . In the nervous system, DUSP1 is an important regulator of JNKdependent apoptosis in sympathetic neurons [48] . Moreover, DUSP1 suppresses inflammation-mediated neurodegeneration via inactivating the p38-MAPK pathway [49] . Additionally, in the development of midbrain dopaminergic neurons, DUSP1 promotes the growth and elaboration of dopaminergic neuronal processes and has been identified as a neuroprotective agent [50] . Collectively, this information has substantiated the sufficiency and necessity of clinically relevant degrees of DUSP1 to modulate brain development and the stress response. In the present study, our study further confirmed that DUSP1 was unfortunately downregulated by cerebral IR injury. Overexpression of DUSP1 promoted neuronal survival and, therefore, alleviated IRmediated damage to the brain. These results propose that strategies aimed to augment DUSP1 expression or activity may be beneficial in protecting the brain against reperfusion injury.
Mitochondrial fission is a type of mitochondrial self-regulating dynamic system. Moderate mitochondrial fission controls the mitochondrial mass under physiological conditions such as development, exercise, and tissue regeneration [51, 52] . With the assistance of mitochondrial fission, the mitochondrial quantity is increased, boosting the energy supply and accelerating metabolism. Interestingly, excessive mitochondrial fission has been reported to be harmful for several tissues [53, 54] . In diabetic cardiomyopathy, aberrant mitochondrial fission forms extensive mitochondrial fragmentation, which contained nonfunctional mitochondria, interrupting glucose metabolism and cell signaling [18] . In response to endothelial oxidative stress, mitochondrial fission is activated and promotes endothelial senescence and revascularization disorders [55] . In the nervous system, mitochondrial fission has been identified as a primary reason for reperfusion-mediated neuronal death. Excessive mitochondrial fission evokes mitochondrial potential reduction, shapes cellular oxidative and activates the mitochondrial apoptotic pathway [21] . This finding is similar to that in our report. In the current study, we found that mitochondrial fission was augmented by cerebral IR injury. Increased mitochondrial fission disrupted mitochondrial energy metabolism and initiated the mitochondrial apoptosis cascade in neurons; blockade of mitochondria sent a pro-survival advantage for the neurons in the setting of IR injury. Our results, combined with the previous findings, have firmly established a central role of mitochondrial fission activation that leads to cerebral IR injury execution.
At the molecular levels, we found that HR modulated mitochondrial fission via JNK-Mff pathways. This finding agrees with that in previous studies. For example, in cardiac IR injury, an activated JNK pathway promotes Mff phosphorylation, and the latter initiates mitochondrial fission [21] . Similarly, in human rectal cancer cells, an activated JNK pathway also augments mitochondrial fission, consequently elevating cancer cell death [56] . These findings uncover the permissive role played by JNK in managing mitochondrial fission. Regarding Mff, the mitochondrial fission receptor is expressed on the mitochondrial outer membrane. Accumulating evidence has described that Mff phosphorylation is required for successive mitochondrial fission [21] . Phosphorylated Mff exhibits a higher affinity to Drp, leading to Drp1 migration from the cytoplasm onto the surface of mitochondria. Interestingly, in the present study, our data suggested that JNK-Mff pathways were regulated by DUSP1 in neurons. Overexpression of DUSP1 inactivated JNK-Mff pathways and therefore repressed mitochondrial fission. Our findings provide new insights into the mechanisms and novel strategies to prevent fatal mitochondrial fission during brain reperfusion injury.
Collectively, the present study highlights that the pathogenesis of brain IR injury is closely associated with DUSP1 downregulation, JNKMff pathway activation and mitochondrial fission initiation. Re-introduction of DUSP1 blocks JNK-Mff-mitochondrial fission pathways and finally promotes neuronal survival via preventing mitochondrial homeostasis. Overall, our results suggest that the pharmacological activation of DUSP1 may be used therapeutically to treat brain ischaemiareperfusion injury.
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